The rf power system and its closed-loop feedback control for the racetrack microtron (RTM) chopper/ buncher system are described. Measurements made on the response of the feedback system to external perturbations will also be reported.
Introduction
The 100-keV injector for the National Bureau of Standards (NBS)-Los Alamos racetrack microtron (RTM)1 uses two square deflection cavities and a buncher cavity. The deflection cavities operate in the TE102 and TE201 modes,2 and the buncher operates in the TMO10 mode. Figure 1 illustrates how the beam is deflected off axis into a spiral by the deflection cavity; the beam traces a circle on the chopping aperture. A 600 circumferential slit in the chopping aperture allows only 1/6 of the input beam to pass through. A pair of thin-gap lenses centered on this aperture focuses the chopped beam back to the axis at the second deflection cavity. The second half of the chopper section is a mirror image (centered on the aperture) of the first half. If rf phase and amplitude are adjusted properly, the transverse momentum imparted to the beam by that of the first deflection cavity will be exactly cancelled by that of the second deflection cavity so that the beam becomes coaxial after the second deflection cavity. electron beam, but only if the phases and amplitudes of the rf power in each deflection cavity is controlled very accurately. Therefore, each deflection cavity uses two rf power sources, each with its own phase and amplitude control. The chopper/buncher system uses a total of five rf power sources with five separate amplitude and phase feedback-control loops. These amplitude and phase feedback loops are all identical.
Phase and Amplitude Feedback Controls
The rf system is shown in Fig. 2 A good rf source without phase noise is required for the RTM because there are many cavities in the RTM and all must operate at constant phase with respect to each other. A noisy rf reference source would prevent accurate phase control and measurements. An eight-way splitter on the rf source provides the rf reference for all the rf control loops in the RIM. These rf reference signals go through stepping-motor-driven line stretchers to provide phase adjustment for each device. In each controller, the rf reference is split with one output going to a double-balanced mixer (DBM) and the other going through a voltage-controlled phase shifter and a voltage-controlled attenuator to one or more amplifiers required to drive a particular cavity.
Ihe voltage-controlled phase shifter has a phase range of -270°for a control voltage swing from 0 to 30 V. The voltage-controlled attenuator has a range of -60 dB, with an attenuation change of -10 dB/V from 0 to 6 V. These devices are not perfect in that the phase shifter has a small change of attenuation versus control voltage, and the attenuator has a small amount of phase shift versus control voltage. The small interaction between amplitude and phase control has not caused any problems with operation and control of the chopper buncher.
A pickup loop in the cavity samples the rf cavity fields close to the outer wall. This rf signal is split with one output going to an amplitude detector (low-barrier Schottky diode detector). The output of this detector is proportional to the rf amplitude in the cavity. The other output goes to the DBM, where it is mixed with the rf reference. The output of the DBM will consist of two frequencies: the sum and the difference. The sum frequency can easily be removed with a low-pass filter. Because the two inputs to the DBM are the same frequency, the frequency of the difference is zero, which is 0 dc signal. This dc signal provides the phase information and can be represented by A x sin (A&-Oc), where A is a function of the rf power of the two signals, &q is the phase difference of the two signals, and Xc is a constant. By choosing to operate the phase-control loop with the output of the DBM zeroed, AX must be equal to Xc + n x 1800, where n is an integer and A # 0. The voltage signals from the amplitude detector and the phase detector (the DBM) are amplified by the feedback amplifiers. The amplified signals are then used to drive the phase shifter and the variable attenuator.
The operational amplifier (OP-AMP) chosen for the feedback amplifiers is the LF356N. It has a gain bandwidth of 4 MHz and a low-input offset voltage temperature coefficient of < 3 vV/0C, which results in a low-input offset drift that is important for good stability of the amplitude and phase. Because the output of the DBM is bipolar (with two zero-crossing points) versus phase difference between the rf reference and the rf sample, one of the crossing points will result in positive and the other in negative feedback. The circuit automatically will
ADJUS select the appropriate zero-crossing point that results in negative feedback for the phase control. The zero crossing that results in positive feedback is unstable, and the circuit will try to change the phase to the nearest zero crossing with negative feedback. It is possible to set up the phase-control loop with the two zero-crossing points of the DBM within the 2700 range of the phase shifters. Then, it is possible for the phase-control loop to latch on the wrong side of the zero-crossing point with positive feedback. To eliminate this possibility, a stepping-motor controlled phase shifter is included in the phase-control loop to adjust the phase-control range to encompass only the negative-feedback, zero-crossing point. The output of the amplitude detector is unipolar; therefore, the polarity of the feedback is fixed. The amplitude detector has a negative output, and the variable attenuator increases the attenuation for a positive control voltage, which requires the feedback amplifier to be inverting. In this system, the best way to achieve the inversion is with three inverting OP-AMPs, consisting of an input buffer, an integrator, and an output buffer.
An example of a simple feedback-control system is shown schematically in Fig. 4(a) . shift that causes the total phase shift to exceed 1800 at a high frequency. The loop gain of the system must be less than 1 when this additional phase shift causes the total phase shift to exceed 180°. The phase margin is defined as the amount the phase shift is less than 180°a t the frequency when the loop gain equals 1.
The feedback amplifiers are configured as integrators only. Because the gain response must fall off uniformly at 20 dB/decade (resulting in a 900 phase margin in the feedback amplifier) and must have a unity-gain crossover that provides a satisfactory phase margin, the integrator capacitance is chosen to Figure 5 shows the open-loop gain of the amplitude feedback loop, which was measured with an -0.3-V signal level from the amplitude detector. Note that the unity-gain crossover occurs at -30 kHz. For a 0.4-V signal, the unity-gain crossover occurs at -40 kHz, and so on. The amplitude response was measured with the loop closed and with a 0. 
Conclusion
Ihis rf system was installed on the Rl-M at NBS in March 1984 and has operated satisfactorily during tests with beam in the chopper/buncher system. The electron beam was observed to scribe a circle on a view screen at the chopping aperture. The thin-gap lenses focused the beam back to the axis at the second deflection cavity. The rf fields in the second deflection cavity were adjusted to exactly cancel the transverse deflection it was given by the first deflection cavity. This cancellation of the transverse deflection was observed by a view screen beyond the second deflection cavity. 
